Magnetoelectric interactions as a function of applied electric field have been studied in ferrite-ferroelectric heterostructures at microwave frequencies. The measurements are performed on 1.5-2.0 lm thick nickel ferrite (NiFe 2 O 4 ) films grown heteroepitaxially on lead zinc niobate-lead titanate and lead magnesium niobate-lead titanate substrates using direct liquid injection chemical vapor deposition. Large shifts in the ferromagnetic resonance profile are observed in these heterostructures due to strong magnetoelectric coupling resulting from electrostatic field induced changes in the magnetic anisotropy field. Theoretical estimates of field shifts are in good agreement with the experimental data. Multiferroic composites of ferromagnetic and ferroelectric materials are important for studies on electric-andmagnetic subsystem couplings mediated by mechanical forces, which are of considerable interest for future device applications. [1] [2] [3] The nature of direct magnetoelectric (ME) effect in the composites is studied by application of a magnetic field that produces a mechanical strain, resulting in an induced polarization. 1 For the converse ME effect, one studies the magnetic response of the sample to an applied electric field. 4 Several ferromagnetic-piezoelectric composites are reported to exhibit strong direct or converse ME effects. [1] [2] [3] [4] Resonance enhancement of the ME coupling at bending resonance or electromechanical resonance (EMR) corresponding to acoustic modes has also been observed. 2 This work focuses on converse ME effects by electrostatic tuning of ferromagnetic resonance (FMR) in ferrite-ferroelectric composites. [5] [6] [7] [8] [9] [10] [11] [12] [13] The piezoelectric strain due to an electric field E manifests as an internal magnetic field in the ferromagnetic phase that causes a frequency shift Df or a field shift DH in the FMR or hybrid modes, with the strength of ME interaction A defined by A ¼ Df/E (or DH/E). Earlier studies of this type primarily focused on epoxy bonded layered composites [5] [6] [7] [8] or polycrystalline ferromagnetic films deposited on ferroelectric substrates. [9] [10] [11] [12] [13] [14] [15] Herein, we report on the converse ME effect in heteroepitaxial structures of nickel ferrite NiFe 2 O 4 (NFO) films directly grown onto (001)-oriented single crystal lead zinc niobate-lead titanate (PZN-PT) or lead magnesium niobatelead titanate (PMN-PT) substrates. Based on our previous theoretical work, a strong ME effect is expected in such structures because of the strong coupling resulting from high values of the magnetostriction and piezoelectric coefficients. 5 The strain-mediated coupling is expected to be stronger in such epitaxial lattice-matched heterostructures that are free of any foreign medium at the interface, as in epoxy bonded bilayers, or even in polycrystalline films deposited directly on piezoelectric substrates.
The nickel ferrite films were deposited on PZN-PT and PMN-PT substrates by direct liquid injection-chemical vapor deposition (DLI-CVD) using a Brooks Instrument DLI 200 vaporizer system. Anhydrous Ni(acac) 2 and Fe(acac) 3 (acac ¼ acetylacetonate) in the molar ratio of 1:2 were used as precursor sources dissolved in N,N-dimethylformamide for the DLI vaporizer system using argon as the carrier gas. 16 The vaporized mixture was combined with a flow of preheated oxygen gas prior to introduction into the CVD reactor. Films were deposited at substrate temperatures of 600 and 700 C with thicknesses in the range of 1.5-2.0 lm. Energy-dispersive x-ray spectroscopy (EDS) confirmed that nearly stoichiometric films (Fe:Ni ¼ 2.05-2.10) were obtained at both growth temperatures.
A standard x-ray diffraction setup (Phillips X'pert Pro) was used to determine the phase and epitaxy of the films. Large-angle h-2h scans (2h from 10 to 110 ) showed only diffraction peaks corresponding to the (00l) planes of NFO film and the substrate. No evidence of any secondary phases or misoriented grains was found from the x-ray measurements. Figures 1(a) and 1(b) show h-2h plots around the (004) peak for NFO films on PMN-PT and PZN-PT, respectively, grown at 700 C. The calculated lattice parameters are close to the bulk value (0.834 nm) suggesting that the films are essentially completely relaxed. The full width at half maximum (FWHM) values of omega scans of (004) reflection of NFO films grown on PMN-PT and PZN-PT are 0.27 and 0.33 , respectively, as shown in the insets. As an indication of degree of out-of-plane texture of epitaxial NFO films, these FWHM values are only about double of those for the substrates (0.14 and 0.17 ). Epitaxy of films grown both at 600 and 700 C was confirmed from u scans of the NiFe 2 O 4 {202} planes, which showed the expected four-fold cubic symmetry of the spinel structure aligned with the crystal axes of the substrate. The u scan results for both the film and (2011) the substrate in the case of NFO film grown on PMN-PT at 700 C are shown in Fig. 1(c) .
The surface morphology and microstructure of NFO films were examined by atomic force microscopy (AFM) and high resolution transmission electron microscopy (HRTEM). Unlike NFO films grown on MgAl 2 O 4 and MgO substrates that are atomically smooth (rms < 0.5 nm) even for thickness >1 lm, 16 the roughness increases with increasing film thickness on PZN-PT and PMN-PT substrates, with roughness in the range of 20-30 nm for the films studied. HRTEM study confirmed epitaxial growth of the films on both substrates, but also indicated the presence of dislocations and anti-phase boundaries in the films, which may contribute to increased FMR line-width. The details of the study will be published separately. ME interactions of the epitaxial NFO/PMN-PT and NFO/PZN-PT were investigated by obtaining FMR profiles at frequencies of 6-11 GHz as a function of applied electric field. An S-shaped coplanar waveguide was used to perform the FMR measurements. Additionally, an external DC magnetic field was applied in the film plane along the [100] or [110] direction of NFO. Representative data for a sample of 1.5 lm thick NFO on PZN-PT grown at 700 C are shown in Fig. 2 . For E ¼ 0, the peak-to-peak line-width DH pp ¼ 670 Oe is smaller than DH pp ¼ 850 Oe for films grown at 600 C. Assuming g ¼ 2.2 (gyromagnetic ratio c % 3.1 GHz/kOe), the effective magnetization 4pM eff ¼ 4pM s þ H a , where H a is the anisotropy field, is estimated from the FMR profile in Fig. 2 Upon application of an electric field (E) across the NFO/ PZN-PT substrate, a shift in the NFO FMR profiles is observed, as shown in Fig. 2 . A similar shift is also observed for NFO deposited on PMN-PT substrates. The DC electric field applied across the PZN-PT or PMN-PT substrate results in an in-plane isotropic strain caused by the inverse piezoelectric effect. Given the high temperature growth of NFO on PZN-PT (PMN-PT), the substrate undergoes a cubic to rhombohedral structural transition when the samples are cooled down to room temperature. Consequently, the PZN-PT (PMN-PT) develops a multiple ferroelectric domain structure with a random distribution of the spontaneous polarization. By poling such epitaxial structures with an electric field of 5 kV/cm, a large irreversible remanent stress is produced inplane with well-aligned domain structure. As shown in Fig. 2 , remarkable shifts of the FMR spectra at both 9 and 11 GHz are produced by poling the epitaxial NFO/PZN-PT structure. The resonance field shifts arising from this poling-induced stress are DH ¼ 260 and 255 Oe at 9 and 11 GHz, respectively, indicating that poling-induced remanent magnetic anisotropy favors making the in-plane magnetization process harder. However, on subsequent application of an electric field, E ¼ 8 kV/cm, the resonance field is reduced by 130 and 125 Oe for the [110] and [100] directions, respectively, indicating that the epitaxial NFO film experiences an opposite strain or stress in comparison with that experienced during the poling process. Moreover, no significant E field-induced FMR line-width change is observed, indicating the creation of homogenous E-induced magnetic anisotropy. Thus, we estimate the ME coefficient A ¼ DH/E % 16 Oe cm/kV based on the measured resonance fields for E ¼ 0 and 8 kV/cm for poled samples at 9 and 11 GHz.
The nature of static E-tuning of magnetic parameters of the NFO/PZN-PT heteroepitaxial structure was also studied by electric-field induced changes in the magnetic hysteresis loops, which were carried out using a vibrating sample magnetometer (VSM). Figure 3 shows E-dependence of M vs. H for H applied along the [100] and [110] direction of NFO/ PZN-PT, respectively. Both of them display an E-induced easy magnetization process which is consistent with the observation in E-induced FMR shift. The fractional remanent magnetization change Fig. 3 , we obtain an ME coupling coefficient of A ¼ DM/E ¼ 18 Oe cm/kV, which is in very good agreement with A obtained from static E-field tuning FMR data in Fig. 2 .
Next, we provide theoretical estimates of the ME coefficient A for comparison with the observed results. We have The terms "BP" and "AP" correspond to "before poling" and "after poling," respectively. The inset in (a) shows simulated FMR profiles at 9 GHz using effective demagnetization factor method.
used the effective demagnetization factor method to solve the equation of motion of magnetization and obtained FMR profiles of absorption versus H for a series of E values. The results for E ¼ 0 and 8 kV/cm are shown in the inset of Fig.  2(a) for comparison with the experimental data. Demagnetization factors due to sample geometry, magnetocrystalline anisotropy, and electric field-induced stress (i.e., due to the ME effect) are considered for the calculation. Using the theory described in Ref. 18 The coefficient A for the heteroepitaxial structure is about a factor of 4 higher than for a bilayer of 0.1 mm thick NFO epoxy bonded to 0.5 mm thick PZN-PT. 20 The theory predicts an increase in A with increasing value of the magnetostriction coefficient k. Thus, one anticipates a much lower A in bilayers with yttrium iron garnet (YIG) (k ¼ 2 ppm) or barium hexaferrite (BaM) (k ¼ 8 ppm) as compared to samples with NFO (k ¼ 30 ppm). Indeed, the ME coefficient measured for NFO/PMN-PT in this study is a factor of 10-20 higher than for YIG/PMN-PT (Ref. 5) and for bonded BaM/ PZT or BaM/BST heterostructures. 14 The epitaxial structures studied here are of interest for electric field tunable microwave devices such as resonators, band-pass filters, phase shifters, and delay lines. 7 The attractive feature in all these devices is the electric field or voltage tunability of a ferrite device. Magnetic field tuning of ferrite devices is often slow, noisy, and requires kW power for operation and the devices cannot be miniaturized or integrated with semiconductor processing technology. In contrast, electric field tuning can be rapid, less noisy, requires minimal power and the devices can be miniaturized. For device applications, however, it is necessary to grow epitaxial NFO films with even lower FMR line-widths than the values reported here.
In summary, large electric field tuning of magnetic properties has been observed due to ME interactions in chemical vapor deposited heteroepitaxial NiFe 2 O 4 /PZN-PT and NiFe 2 O 4 /PMN-PT multiferroic composites. With application of an electrostatic field of 8 kV/cm, ferromagnetic resonance field shifts of 125-130 Oe are observed, corresponding to ME coefficient A % 16 Oe cm/kV. The calculated value of A is consistent with observed changes in remanent magnetization in the hysteresis loops with static E-tuning and also with theoretical estimates. Efforts are underway to reduce the FMR line-width of NFO films to a value closer to those observed in bulk single crystals ($50-100 Oe) 17 in order to realize robust electric field-tunable microwave devices.
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